Escherichia coli heat-labile enterotoxin was synthesized in a cell-free system directed by DNA of the plasmid P307. Synthesis of the toxin, assayed by the elongation induced in Chinese hamster ovar cells, was strongly stimulated by cyclic AMP and occurred at physiological levels of Mg2+ only when the polyanine spermidine was present. Activity was abolished by heat and antisera prepared against the enterotoxins of.both E. coli P263 and Vibrio cholera. Tritium-labeled enterotoxin was purified by immunoprecipitation and examined by stdium dodecyl sulfate/polyaqrylamide gel electrophoresis. When gel slices were assayed for the ability to stimulate adenylate cyclase [ATP pyrophosphate-lyase (cyclizing), EC 4.6.1.11 activity in erythrocyte ghosts, two peaks were found, one at Mr 26,000 and frequently, but not always, another at Mr 23,000. Detection of radiolabeled protein by fluorography and scintillation counting of gel slices revealed three prominent polypeptides, two corresponding to the peaks having adenylate cyclase-stimulating activity and a further one of Mr 11,500, identical to that of the cholera subunit B. The data suggest that the'E. coli heat-labile enterotoxin synthesized in the cell-free system has a subunit structure.
Enteropathogenic Escherichia coli produce two classes of enterotoxin, heat-stable and heat-labile (LT), which cause diarrhea in humans and domestic animals. Interest in the latter has been intensified by reports of its biological and immunological resemblance to the well-characterized enterotoxin of Vibrio cholera (1, 2) . However, structural relationships have not yet been demonstrated because comparisons at the molecular level have proved difficult, primarily because of the heterogeneity of E. coli enterotoxin preparations.
Whereas the plasmid-mediated nature of enterotoxigenicity and other characteristics of medically important enterobacteria is well established (3), little data are available on the regulation of expression of the plasmid genes involved. Furthermore, although coupled transcription-translation systems have been extensively used to study the expression of bacterial and viral genomes, only the syntheses of ,B-lactamase and bacteriocins have been investigated in plasmid DNA-directed systems (4) (5) (6) .
As part of a study of plasmid gene expression, we report on the cell-free synthesis of E. coli LT toxin, directed by the ent + plasmid P307, and demonstrate the probable subunit structure of the gene product.
MATERIALS AND METHODS
Plasmid DNA. The plasmid P307 (Mr 65 X 106) determines the production of both LT and heat-stable toxins and was first described in E. coli P307 isolated from an outbreak of porcine diarrhea. The plasmid was transferred to E. coli 711, a plasmid-free laboratory strain, and Ent+ 711 (obtained from S.
Falkow of the University of Washington Medical School) was used as the source of ent + plasmid DNA. DNA of the drug resistance (R) plasmid NR1, isolated from E. coli CR34/R12
(supplied by R. Rownd, University of Wisconsin), was used as a control template.
Cleared lysates were prepared by the method of Clewell and Helinski (7), and DNA was concentrated by overnight centrifugation (20,000 rpm in a Beckman SW27 rotor) onto a CsCl "shelf." Plasmid DNA was then isolated by two dye-buoyant density equilibrium centrifugations (40-60 hr at 120,000 X g), and purity was confirmed by gel electrophoresis in 0.7% agarose (8) (27 ,g/ml); and p-aminobenzoic acid (11 ,ug/ml). Sperimidine hydrochloride (0.8 mM) was added where indicated. Radioactively labeled proteins were synthesized by addition of tritiated amino acids (leucine, lysine, phenylalanine, proline, and tyrosine, 76-119 Ci/mmol; Amersham TRK 550) to a concentration of 150 ,uCi/ml (1 Ci = 3.7 X 10W becquerels).
In these incubations, unlabeled amino acids were added to 100 AM instead of to 250 ,uM.
Chinese Hamster Ovary Cell Assay.. Details of the preparation of the Chinese hamster ovary (CHO) cell line CHO-KI for studies of morphological changes have been described (10 Gilman (11) . The major peak of kinase and binding activity (peak II of Gilman) was subjected to gel filtration on Sephadex G-200 and coupled to the N-hydroxysuccinimide ester of succinylated amino alkyl agarose (12) . Aliquots (50 1.l) of the reaction mixture were diluted to 1 ml with 50 mM sodium acetate/acetic acid, pH 4 .0 and applied to a 0.4 X 2 cm column containing the adsorbent. The column was washed with the sodium acetate buffer. Fractions of 3 ml were collected and immediately neutralized. The first three fractions, which contain all the proteinaceous materials, were pooled and concentrated to the initial volume by ultrafiltration in a Minicon B15 macrosolute concentrator (Amicon, Lexington, MA).
Adenylate Cyclase Assay. Adenylate cyclase [ATP pyrophosphate-lyase (cyclizing), EC 4.6.1.1] activity was measured by a pigeon erythrocyte assay developed from Gill and King (13) . Erythrocytes were isolated from fresh heparinized pigeon blood by centrifugation (5 min at 1200 X g) to remove the plasma and buffy coat, followed by suspension in an equal volume of medium A containing 130 mM NaCl, 5 mM KCI, 2 mM MgCl2, and 20 mM Hepes buffer, adjusted to pH 7.3 (370C) with NaOH. Most of the remaining white cells were removed by passage through cotton wool. After a second centrifugation, the packed cells were resuspended in medium A' (medium A supplemented with 10 mM ATP and 2 mM NAD).
Activities were determined by incubation, at 370C, of aliquots of the toxin solutions with the erythrocytes that had been freshly lysed by freezing and thawing in one packed cell volume of medium A'. After 30 min, the activation was stopped with 1 ml of ice-cold 130 mM NaCl. The ghosts were then washed in ice-cold medium A' and sedimented by centrifugation (7 min at 1200 X g). The adenylate cyclase activity of the ghosts of 10 Mul of erythrocytes (packed cell volume measured before lysis) was measured by suspending them in 100 Ml of a medium containing 10 mM EDTA, 5 mg of serum albumin per ml, and an ATP-regenerating system (8 mM phosphoenolpyruvate/2 mM ATP/50 ,ug of myokinase per ml/0.2 mM dithiothreitol/ 0.1 mg of papaverin per ml/8 mM KCI/12 mM MgCl2-6H20) in 40 mM Tris-HCI (pH 7.5) (37°C) and incubating for 30 4 Mug of niacin (Calbiochem), and 2 ,g of thiamine-HCI (Calbiochem). The preparation of the bacterial adsorbent has been described by Kessler (14) . 
RESULTS
The amount of LT enterotoxin synthesized in vitro was quantified by the CHO cell assay, which measures the morphological change in the cells associated with increased intracellular concentrations of cyclic AMP. The gradation of the morphological response of CHO cells to increasing dosage of highly purified enterotoxin is shown in Fig. 1 . The amount of LT enterotoxin synthesized in the cell-free system was proportional to the concentration of P307 plasmid DNA (Fig. 2) . No activity was observed when plasmid DNA was omitted or when DNA of the plasmid NR1 was introduced as template. Cyclic AMP controls a number of functions in E. coli (16) , and its role in regulating the synthesis of the inducible enzymes involved in sugar utilization has been well documented for both in vivo and in vitro systems. Reports that cyclic AMP also regulates the levels of plasmid-determined antibiotic-inactivating enzymes, chloramphenicol acetyltransferase (17) and kanamycin phosphotransferase (18), prompted us to examine its effect on the synthesis of enterotoxin.
Because the CHO cell assay measures the response to cyclic AMP resulting from addition of enterotoxin, endogenous cyclic AMP was removed from cell-free samples by affinity chromatography. Synthesis of enterotoxin was observed in the absence of cyclic AMP (when background activity was eliminated) and was stimulated up to 10-fold in its presence. The dependence of enterotoxin synthesis on the concentration of cyclic AMP (Fig. 3) showed a saturation plateau above 0.5 mM, so in all subsequent cell-free incubations, cyclic AMP was added to a final concentration of 1 mM.
Investigations by other workers (19) (20) (21) (22) have demonstrated that polyamines, such as spermidine, lower the concentration of Mg2+ required for optimal protein synthesis in both eukaryotic and prokaryotic systems. In addition, polyamines have been reported to stimulate DNA-directed cell-free protein synthesis (23, 24) . By use of DNA of the drug resistance plasmid NR1, the optimal Mg2+ concentration for our system was determined. We observed that, in the absence of spermidine, synthesis of active chloramphenicol acetyltransferase could be detected at Mg2+ concentrations of 14 mM and above, and optimal synthesis occurred at 17 mM. Addition of spermidine lowered the optimum Mg2+ concentration for chloramphenicol acetyltransferase synthesis to 4 mM. The data shown in Table  1 indicate this effect on enterotoxin synthesis determined by the Ent plasmid P307. In the absence of spermidine, no LT toxin synthesis was observed with 4 mM Mg2+; but with spermidine, the amount of toxin synthesized at this concentration was 1.5-fold greater than that measured, without spermidine, at 17 mM Mg2+.
As with LT enterotoxin released into culture supernatant, the activity of the cell-free preparation was abolished by heating to 650C for 30 min and neutralized by antisera prepared against both partially purified E. coli enterotoxin (from porcine enteropathogen P263) and purified V. cholera enterotoxin.
In view of the established immunological relationship between the LT enterotoxin of E. coli and cholera toxin, we applied the technique of specific immunoprecipitation to purify synthesized toxin from the cell-free system. The toxin, labeled with tritiated amino acids, was complexed with anticholeragen and adsorbed to the Cowan I strain of S. aureus. With a combination of NaDodSO4 and high temperature, almost all of the enterotoxin was eluted from the inert adsorbent and run on polyacrylamide gels containing 0.1% NaDodSO4. After electrophoresis, gels were sliced. The extracted material was assayed for ability to activate adenylate cyclase (Fig. 4) periments in which the distribution of radioactivity within the gel was calculated by scintillation counts of dissolved gel slices (Fig. 5B) . The number of counts associated with the 11,500 Mr species was 1.5-1.7 times greater than that corresponding to the active peaks (Mr 23,000-26,000). DISCUSSION Molecular weight estimations for purified E. coli LT enterotoxin range from 20,000 (for LT toxin released from the periplasmic space by polymyxin B treatment) to 200,000 (for LT toxin from culture supernatants) (1, (25) (26) (27) . The isoelectric point has been quoted variously as being between 4.5 and 7 (28), and it is still unclear whether its structure comprises a single polypeptide chain or a number of subunits (1, 27) . In addition, confusion arises from the lack of immunological identity observed between toxins from different serotypes and host specificity (26) and, more remarkably, between toxins produced by the same strain grown in different culture media.
Although some of the differences between the various enterotoxin preparations may be attributed, in part, to variation in strains or methodology or both, a complete explanation of the differences is likely to include a description of the mechanism of toxin release. Evidence (29) supports the view that enterotoxin is not an extracellular product of E. coli, at least under normal growth conditions. Rather, the majority of molecules appear in the growth medium only after the bacterial population begins to decline, and they seem to be released in association with surface components of the cell. Because there is only scarce information available on the structure of E. coli enterotoxin synthesized in the periplasmic space and its pro- synthesized material was not expressed in mixtures heated for 30 min at 650C. This behavior is typical of the E. coli LT enterotoxin. The in vitro synthesis of the enterotoxin, which has no catabolic function, was strongly stimulated by cyclic AMP, the internal messenger substance of catabolite repression. This phenomenon agrees with the reduction in enterotoxin yield observed in toxigenic cultures when glucose, the inducer of catabolite repression, is present in the growth medium. Also of interest is the stimulatory effect of spermidine on in vitro synthesis of enterotoxin. This polyamine, present in all living cells, lowers the magnesium concentration required for optimal protein synthesis. In the presence of spermidine, enterotoxin synthesis occurs at a magnesium concentration that is similar to that prevailing in whole cells.
Techniques using antibodies for the specific isolation of radiolabeled antigens have been widely used, but difficulties are presented by the high background of nonspecifically precipitated material, the difficulty of determining equivalent points, and proteolytic degradation occurring during processing. The protein A-antibody technique used here provides a partial solution; it exploits the high adsorption capacity of IgG by protein A molecules on the surface of certain staphylococcal strains and also the sedimentation properties of these bacteria. Analyses of the immunoprecipitated gene products by NaDodSO4/ polyacrylamide electrophoresis revealed three prominent bands, two of Mr 23,000-26,000 (polypeptide A), having adenylate cyclase-stimulating activity, and a third, Mr 11,500 (polypeptide B), migrating at a rate identical to that of cholera B. Because the band of Mr 23,000 was observed with varying prominence, but always with adenylate cyclase-stimulating activity, we suggest that this is either a breakdown product of the 26,000 Mr species or that a precursor-product relationship exists between the two.
The data presented on 3H incorporation (Fig. SB) suggest that the polypeptides are synthesized in a ratio of several B polypeptides to each A, but these data are based on incorporation of only five amino acids. Also, the ratio may not be constant in our system and may even reflect the specificity of the immunoprecipitation procedure. Nevertheless, the data indicate that, in addition to sharing biological and immunological properties, the LT toxins of E. coli and V. cholera possess similar structures. This conclusion has also been reached independently (30) following the expression of a cloned LT gene in E. coli minicells.
